Interlayer coupling effects between high mobility two-dimensional superconductors are studied in bilayer δ-doped SrTiO3 heterostructures. By tuning the undoped SrTiO3 spacer layer between the dopant planes, clear tunable coupling is demonstrated in the variation of the sheet carrier density, Hall mobility, superconducting transition temperature, and the temperature-and angle-dependences of the superconducting upper critical field. Systematic variation is found between one effective (merged) two-dimensional superconductor to two decoupled two-dimensional superconductors. In the intermediate coupled regime, a crossover is observed due to coupling arising from inter-sub-band interactions.
Interlayer coupling between two-dimensional (2D) planes in layered materials is a key parameter which dramatically influences their physics and functionality. Paradigmatic examples in the field of superconductivity include the high temperature superconducting cuprates [1, 2] , and the iron pnictides [3] , as well as artificially created superlattices, in which the Josephson coupling between the layers can be tunable continuously using thin film control [4, 5] . There have also been extensive studies of coupled bilayer 2D systems, where exotic phases arise from the interlayer interactions [6] [7] [8] [9] [10] [11] [12] .
Among the various 2D systems currently under investigation, SrTiO 3 (STO) is of particular interest since it is a rare example of a high mobility doped semiconductor that is simultaneously superconducting. By confining electrons in STO two-dimensionally using field effect gating [13] , heterointerfaces with LaTiO 3 [14] , or LaAlO 3 [15, 16] , and δ-doping [17] , the interplay between subband quantization and superconductivity can be investigated. Here we exploit interlayer coupling in a δ-doped bilayer system to spatially and flexibly control the subbands. By systematically tuning the interlayer coupling by varying the spacer layer thickness, we can examine the effects of the sub-band quantization on superconductivity.
The bilayer samples consist of two Nb:STO δ-doped layers, with an undoped STO spacer of thickness d inter , as well as 100 nm thick undoped STO cap and buffer layers. All samples were fabricated using pulsed laser deposition using growth conditions as reported elsewhere [18] . The thickness of each of the two δ-layers was fixed at a constant value of d doped = 5.4 ± 1 nm, as calibrated from the total thickness and the laser pulse count. The interlayer undoped STO thickness d inter was varied in the range 3.7 ≤ d inter ≤ 272 nm. The dopant concentration of the δ-doped layers was 1 at.%. A schematic of the bilayer samples is shown in Fig. 1 (a) . Electronic transport measurements were performed in a helium cryostat at T = 2 K and in a dilution refrigerator from T = 800 mK down to T = 50 mK. The latter system was fitted with an in-situ horizontal rotator, enabling the inclination angle between the applied magnetic field and the sample normal to be varied. For the various d inter , superconductivity was found with transition temperature T c ranging from 190 to 346 mK, as shown in Fig. 1(b) . Here T c is defined as the temperature where longitudinal sheet resistance ρ xx drops to half the value of ρ xx at T = 800 mK. The data shows a clear modulation of T c , which drops for intermediate d inter [ Fig. 1(c) ] already suggestive of variable coupling between the two superconducting δ-layers through the undoped STO. The normal state characteristics were measured by Hall effect up to a magnetic field of µ 0 H = 14 T at T = 2 K (µ 0 is the vacuum permeability). A non-linearity in the Hall effect data was observed, as shown clearly in the Hall co-efficient, R H , vs. magnetic field characteristics in Fig. 2(a) . This indicates that there are at least two types of carriers with different mobilities and carrier densities contributing to the conduction in parallel. As shown in the figure, these data could be well parameterized using the well-known two-carrier form, assuming the existence of two types of electrons with mobilities µ 1 , µ 2 and sheet carrier densities n s1 , n s2 . Here the fitting parameters are n s1 , n s2 and µ 1 , using ρ xx at zero magnetic field as a constraint. The best fit values extracted for µ 1 , µ 2 , n s1 and n s2 are shown in Fig. 2(b) , with the relatively high mobility, low sheet carrier density data points (µ 1 , n s1 ) shown as circles, and the lower mobility, higher sheet carrier density data (µ 2 , n s2 ) shown as squares. A clear enhancement of n s1 by around an order of magnitude is evident at the intermediate interlayer thickness range, co-incident with the suppression of the T c . These data strongly suggest a change in the interlayer coupling as d inter is varied, and the presence of relatively high mobility conduction electrons in the undoped interlayer region when d inter ∼ 67 nm. We note that the T c is suppressed when n s1 is enhanced, which is distinct to recent studies that have suggested high mobility carriers are essential for superconductivity in asymmetrically confined STO electron gases [14] .
The superconducting properties were studied in detail by examining the temperature-dependence of the superconducting upper critical field H c2 in the in-plane and out-of-plane configurations. All of the samples showed the expected linear T -dependence of the out-of-plane upper critical fields H ⊥ c2 , as shown in Fig. 3(a) following the standard linearized Ginzburg-Landau (GL) theory for su-
2 ) −1 , where Φ 0 is the flux quantum and ξ GL (0) is the GL coherence length ξ GL at T = 0 K. The in-plane H c2 data, H c2 (T ) showed rather more complex behavior, as shown in Fig. 3(b) . As for the H ⊥ c2 (T ) data, here H c2 (T ) was extracted from ρ xx (H) using the same definition as for T c , as shown by the markers in the example raw data in Fig. 3(c) . In the relatively thin and thick d inter regimes, the H c2 (T ) data can be well-fitted to the 2D GL form,
where d SC is the length scale of the spatial distribution of the order parameter. The key result here is that intermediate thickness samples (d inter = 37 ∼ 67 nm) exhibit a clear upturn in H c2 (T ) at temperatures below some characteristic T * . Since the form of H c2 (T ) is still 2D-like both above and below T * , these data were fit to Eq. (1) using two different T c and H c2 (0) above and below T * , to give a quantitative parameterization. The fits showed good agreement with the experimental data, implying the existence of two different superconducting length scales depending on temperature and magnetic field in the same system.
The field inclination angle-dependence, H c2 (θ) was also measured, as shown in Fig. 4(a) for the case d inter = 67 nm. In 2D superconductors, H c2 (θ) is strongly anisotropic since the effectiveness of the orbital pair breaking is dependent on the magnetic field direction. In analogy with the T * found in the T -dependence, there is a characteristic kink in the H c2 (θ) data here. Similar features were also observed for d inter = 37 nm and 48 nm. Again we can interpret these data by fitting them to two separate 2D forms, using the H c2 (θ) form first derived by Tinkham [19] :
Here we note that the data could not be described by a fit using the single form of Eq. (2) plotted as a dotted line in Fig. 4(a) . From a fit to Eq. (2) we derive d sc and ξ GL , as shown in Fig. 4(b) and (c). These parameters were also estimated from the temperature dependent critical field data, leading to similar values. The form of d sc as a function of d inter , shown in Fig.  4(b) is of particular interest. The thicker d sc component, denoted hereafter as d sc1 which is dominant near θ = 90
• , initially follows the total layer thickness d tot = d inter + 2d doped but disappears in the thick limit. In contrast, the thinner d sc component, d sc2 dominant near θ = 0
• , is always of the order of d doped . As d inter increases, the system shows a crossover from the coupled state where the two doped layers are strongly linked and behave as a single 2D superconductor, to a fully decoupled state where they behave as two independent 2D layers. As emphasized in Fig. 3(b) and Fig. 4(a) , we can see a rather similar transition by either decreasing the temperature below T c or rotating the magnetic field at fixed T .
We discuss these results in the context of previous studies in metallic superconductor/insulator/superconductor (S/I/S) heterostructures. Here we note that we assume an isotropic ξ GL , reflecting the bulk isotropy of STO, and neglect any possible influence of the symmetry breaking confining electric fields in the direction perpendicular to the layers. In the S/I/S case, the two S layers are Josephson coupled across the I layer when the insulating layer thickness d inter is thin compared to the GL coherence length in perpendicular direction ξ ⊥ GL , while it is suppressed for thick d inter regime. The characteristic forms of H c2 (T ) in the intermediate d inter regime can also be understood in this model: since ξ GL is an increasing function of T , the S layers are decoupled for T < T * , where , 20, 21] . Consequently the coupled/decoupled transition at T * results in a kink in the H c2 (T ) data. While this qualitatively describes the results, experimentally we found that ξ GL (T * ) is always larger than d inter / √ 2 in the samples which show kinks in the H c2 (T ) data, since the ξ GL at T = 0 K is similar to or greater than d inter as shown in Fig. 4(c) .
In addition to this quantitative discrepancy, the enhancement of the high mobility carrier density n s1 as well as modulation of T c in the intermediate d inter range suggests that the simple S/I/S concept may not be applicable to this semiconductor system. We emphasize that many experimental and theoretical studies of this and related 2D electron systems in STO suggest the presence of
Inter-sub-band scattering (a) quantized sub-bands [17, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Thus a consistent understanding of both the normal and the superconducting states requires consideration of the sub-band structure in the electrostatic confinement potential which must be considered self-consistently throughout the system as a whole. In such a system it is possible that each subband has different superconductivity characteristics, e.g. superconducting gap, pairing potential, ξ GL etc. However inter-sub-band scattering should be taken into account, since although the bottom of the sub-bands can be separated by energies significantly larger than the superconducting gap, at the Fermi level Cooper pairs can be scattered into different bands since momentum and energy are both conserved [ Fig. 5(a) ]. From the considerations above, next we discuss the modulation of sub-band structure as the source for the observed features, in particular noting that sub-bands can be generated in the interlayer spacer itself. In the thin d inter limit, many of the sub-bands are spread across the interlayer, as sketched schematically in Fig. 5(b) . Here most of the sub-bands show relatively low mobility due to scattering by the Nb dopants, and n s1 is relatively small. In the superconducting state, the condensate shows thickness ∼ 2d doped + d inter reflecting the normal state electron distribution. In the intermediate d inter regime, Fig. 5(c) , the cleaner undoped interlayer is thick enough that the high mobility electron density n s1 in the upper sub-bands is enhanced. In the superconducting state the coupling between the two superconducting layers through the Cooper pair channel in the upper subbands in the interlayer create a superconducting layer with spatial extent d sc1 ∼ 2d doped +d inter in low magnetic fields. In higher magnetic fields, however, orbital limit pair breaking occurs first in the upper sub-bands. This decouples the two narrow condensates confined around the δ-doped layers with the thickness d sc2 ∼ d doped . This manifests as the characteristic features in H c2 (T ) and H c2 (θ) in Figs. 3(b) and 4(a) . When d inter is increased further, the system behaves as two decoupled 2D superconductors, with no significant carrier weight in the interlayer region, leading to again relatively low n s1 , and a superconducting thickness ∼ d doped , as shown in Fig.  5(d) .
The modulation of T c may be related to the variable interaction between the upper and the lower sub-bands: in the thick and thin d inter regime, the superconductivity is robust due to the efficient inter-sub-band coupling from the large spatial overlap between the upper and the lower sub-bands. In contrast for the intermediate d inter , superconductivity is weakened since the spatial overlap of the upper and the lower sub-bands is reduced, leading to a suppression of average T c . In addition, given the possibility that the orbital character and superconducting pairing strengths may also be dependent on the sub-band index in these heterostructures, a more thorough theoretical analysis, extending the work of single layer systems [33, 34] , is motivated.
In conclusion, we investigated the interlayer coupling effects between two 2D high mobility superconducting wells. By systematically changing the interlayer thickness, we observed a coupled to decoupled crossover in both normal and superconducting state driven by the modulation of sub-band structure. We emphasize the flexibility of this composite structure, which enables to reach an interesting regime where the inter-sub-band interaction may be dominant mechanism for interlayer coupling. The current structures offer a model system to control the bilayer degree of freedom in multi-component superconductors, which has been theoretically proposed to synthesize unconventional superconductivity [35] [36] [37] . 
